A remarkable phenomenon has occurred in recent years in pulmonary physiology that may tell us something about the survival of orthodoxy despite ever more aggressive peer review. We refer to the widespread persistence of the notion that the pulmonary alveoli are normally lined with liquid. This notion persists in the scienti®c community in the face of a simple law of physics that shows it to be impossible. The law, appreciable by schoolchildren who blow soap bubbles, is that the only stable liquid±gas interface has the shape of a sphere, unless gravity upsets things badly. As a pulmonary alveolus is not a spherical structure, its epithelium cannot support a continuous thin lining with liquid that follows the non-spherical contour of its surface. It requires some explanation, therefore, why both the specialist medical literature, and school and university biology and physiology texts, are dominated by the view that thè alveolar surface is lined with liquid, which forms an air±liquid interface with alveolar gas'. 1 To physicists this is inconceivable. 2 The story reads like a detective case. In 1929, von Neergaard introduced the idea that surface forces contribute substantially to a tendency for the lungs to collapse, as in¯ation of excised lungs with liquid (which abolishes any surface facing gas) requires much lower pressures than in¯ation with gas. 3 In 1957, Mead and colleagues took things further, performing not only in¯ations but also de¯ations of excised lungs. 4 They observed that, for a given lung volume, pressure during in¯ation with gas was higher than during de¯ation, a phenomenon called pressure± volume hysteresis. The hysteresis largely disappeared during in¯ation with liquid.
The discovery by Brown and colleagues in 1959, that extracts from lung display a surface tension±area hysteresis on a Langmuir trough that looks a bit like the pressure± volume hysteresis seen in excised lungs, 5 set the scene for an assumption that the alveoli themselves constitute a trough of liquid, albeit one with a complicated geometry. This assumption has pervaded the literature on lung mechanics for over 40 yr, and established itself ®rmly. Respiratory physiology texts speak with one voice about the liquid lining of the lung, assuming, or explicitly stating, that the whole alveolar surface is covered with a liquid.
6±12
Early on it was appreciated that there was a problem with the assumption that liquid coats the alveolar epithelium. Even if one conceded, for the sake of simplicity, that individual alveoli could be regarded as spherical structures, then the connection of alveoli of different sizes presented a problem, unless the liquid that lines one alveolus was made to stop at an unwetted patch where the alveolus was connected to any neighbouring alveolus. The reason for this is explicitly presented in many textbooks of respiratory physiology. 6 7 9 12 If two model spherical alveoli of different radii of curvature (r) are connected together, and an attempt is made to hold a liquid lining in both in¯ated by the same pressure (p), this proves to be impossible unless the surface tension (T) differs in the two alveoli. Laplace's equation p=2T/r must be obeyed in each alveolus. You cannot change just r whilst T and p stay constant. The texts use this proof to support a separate idea. Studies of surfactant spread on a liquid surface have shown that T tends to increase with the area of the surface. Thus, conveniently, we can imagine that within a single alveolus, T can increase with r. The texts emphasize that, if T can increase with r, then p (~T/r) can be the same for both alveoli. What the authors do not draw attention to is that T can differ in neighbouring alveoli only if their liquid linings are not connected by a common surface.
This appears to have been clear in 1961 to Clements and colleagues in their seminal paper 13 on`pulmonary surface tension and alveolar stability' where a model of stability of the alveoli required the assumption that`the individual units were taken to act independently of one another'. In other words, different alveoli were permitted to have different surface tensions and different pressures across their liquid surfaces, and therefore, not be interconnected by a continuous lining of liquid. Yet this paper is remembered not for this vital aspect of its discussion section, but for its recognition of the possible physiological importance of the observation alluded to above, that lung extracts spread over a trough of liquid display a surface tension that increases with the area to which the surface is expanded. This idea spread, and with it, inappropriately, seems to have spread the postulated liquid lining layer, from one`independent' model spherical alveolus to the whole network of millions, in violation of the authors' apparent original intentions.
All seemed settled for a while.`The alveoli have concave surfaces lined with liquid.' 10 The high surface tension of water in contact with air (70 mN m ±1 ) was reduced to something manageable by the presence on the water±air surface of surfactant, 14 the absence of which was responsible for collapse, oedema, and the generation of the distinctive histological ®nding of hyaline membranes in premature infants dying of what we now call infant respiratory distress syndrome. 15 Dissident scienti®c voices 16 17 were infrequent and unheeded by the writers of Editorial III textbooks. Even before university, generations of school advanced biology students continued to be primed think that the walls of the alveoli are covered with a thin layer of liquid', 18 not least because it is widely maintained without justi®cation that`the respiratory surface must be moist, because gases cannot diffuse across it unless they are dissolved in¯uid'. 19 The literature that supports a liquid lining for the lung by considering the stability of neighbouring alveoli of different sizes is the strongest argument against it. The reason is that, if neighbouring alveoli of different radii of curvature cannot be joined by a shared liquid surface, then neither can neighbouring segments of a single alveolus. A stable ®lm of liquid cannot connect two or more regions of an alveolar surface of different radii of curvature whilst maintaining the shape of those surfaces. The argument from Laplace's law shows that a continuous liquid surface within a complex polygonal structure is unstable. This conclusion is consistent with studies of lung histology under electron microscopy in the presence of normal 20 and excess 21 volumes of liquid in the alveoli, in which liquid collections always exhibit a surface that forms part of a sphere, and are separated from each other by segments of epithelium on the surface of which liquid cannot be demonstrated. The assumption made recently by Bastacky and colleagues, 22 that a continuous lining layer of the alveolus revealed by low-temperature scanning electron microscopy consists of liquid', is not a consequence of their observations; the layer would be unstable if it were a liquid layer, for the reasons given above. It is beginning to look as if particular care is needed in the use of the word`liquid', if the nature of the alveolar surface is to be clari®ed with precision.
The most vociferous opponent of alveolar wetness has made two fundamental errors in his otherwise challenging critique of established dogma. 23 The ®rst is the claim that a hydrophobic surface is required to prevent water from spreading within a polygonal structure. In fact, according to our earlier reasoning, even a hydrophilic surface can only sustain a continuous liquid lining if a suf®cient volume of liquid is present on that surface to immerse irregularities beneath a spherical liquid±gas interface. This phenomenon is demonstrated in the micrographs of protein-rich pulmonary oedema published by Bachofen and colleagues. 21 Hills' second error, uncorrected even in a publication well after extensive new ®ndings in the ®eld, 24 is the claim that passive forces alone account for the absorption of liquid from the corners of alveoli. His model of the`corner pump', in which a liquid globule presents a convex surface to alveolar gas, and is emptied into lung interstitium by surface tension raising the pressure within the globule above that of alveolar gas and interstitial liquid, contrasts strikingly with the model that arises from the work of Basset and colleagues. 25 26 In this model of adult lung, type II epithelial pneumocytes (the ones that secrete surfactant on to the alveolar surface) utilize fuel (ATP) actively to pump sodium, and with it glucose and water, from any collections of water that bathe the apical surface of the cells, into the interstitium. 27 Matthay and colleagues have extensively characterized this process of liquid absorption in animals and humans, 28 and there is some evidence that without active sodium transport fatal alveolar¯ooding would occur. 29 Interestingly, however, the presence of aquaporins (water transport channels) in alveolar epithelium makes no measurable contribution to recovery from a wide variety of forms of lung injury associated with alveolar oedema. 30 If the detectives on the case appear to be reluctant to make use of this fascinating new evidence of vigorous transport activity down in the alveoli, they appear even more reluctant to incorporate the most remarkable claims emanating from the laboratory of Scarpelli, 31 who offers a whole`new anatomy' of the alveolar surface. On the basis of studies that are claimed to preserve surface structures destroyed by the customary methods of histological preparation, Scarpelli has proposed that the alveolar ducts are normally ®lled with foam surfactant, within which each alveolus can be identi®ed as a separate and complete bubble. Thus, astonishingly, the gas within each alveolus is not free to¯ow by convection, at least not continuously throughout the whole of the respiratory cycle as has been normally supposed. In this model, the entrances to alveoli are spanned by extremely thin bilayers of surfactant that are presumed usually to contain no`hypophase' liquid, and consequently take the form of`Newtonian black ®lms'. Scarpelli's model interestingly emphasizes the movement of hypophase liquid . . . from regions of larger radii to those of smaller radii of curvature' (Scarpelli, 31 page 499), and thus indirectly, that much of the alveolar surface, and many of the black ®lms spanning the alveolar entrances, must be devoid of liquid for the reasons discussed earlier in this article. On reading the almost gladiatorial contest between Hills and Scarpelli recently convened in the editorial pages of the Journal of Applied Physiology, 32 one would be forgiven for missing the substantial similarities between their models of the alveolus with regard to the necessary absence of liquid from much of the epithelial surface.
A picture clearly emerges that needs to be projected into the less specialized basic scienti®c and clinical literature. The alveolar surface carries very little liquid, in the usual sense of something that readily¯ows in response to a pressure gradient. Where liquid has been demonstrated, it lies in isolated collections that are commonly partially submerging type II pneumocytes. These cells appear to be as busy actively emptying the puddles of liquid that bathe them as they are in reducing the surface tension of these puddles by secreting surfactant into them. The larger areas of alveolar surface that are normally unwetted sustain a tension that is imparted on them by neighbouring wetted regions. Wetted and unwetted areas pull gently at each other like competing teams in a tug of war at what the physicists call à triple point'. Thus, the alveolar surface can be regarded as having a tension that von Neergaard was able to abolish by in¯ating the lung with a liquid, even though that surface is Editorial III not normally entirely wetted. The type II pneumocyte polices alveolar tension over the wider unwetted alveolar epithelium by keeping tension low in the wetted surface within its immediate proximity. Surfactant spreads over wet and unwetted areas alike to provide Bastacky and colleagues'`thin and continuous' lining layer 22 so strikingly revealed by their low temperature microscopy. The jury remains undecided about whether Scarpelli's foam 31 is a feature more of neonatal lung than adult lung.
A fuller understanding of alveolar mechanics will require more careful attention to the use of terms like wet, moist, dry, liquid, and solid when applied to this environment. More consideration needs to be given to the important observation of Bangham and colleagues that modest compression of surfactant on water (as in expiration) can generate a solid ®lm that impedes movement within the surface, 33 has the potential structurally to resist alveolar collapse, and, on re-expansion (as in inspiration), may break down into a myriad of planar regions of alternate solid and liquid reminiscent of Arctic pack-ice. The observation of hysteresis in the lung in the 1950s was an early warning that a time-dependent viscous behaviour of the alveolar surface would need to be modelled. Virtually no appreciation of the large literature on viscoelasticity has been brought to bear on understanding the role of surfactant in the alveolar epithelial lining. Characteristically, biological materials display time-dependent behaviour that can be thought of as showing features of both solids and liquids. 34 The presence of such behaviour in a surface ®lm undergoing repeated stretching may lead to gradients in surface tension and consequently to slow¯ows in the ®lm that would not otherwise occur. 35 Moreover, repeated stretching of the alveolar epithelium occurs not only with the cycle of breathing; the passage of every red blood cell, as it squeezes through a pulmonary capillary, generates a rapidly alternating curvature of the epithelial surface that has been predicted to assist absorption of alveolar liquid because of the way this deformation of the shape of the surface interacts with the hysteresis of surfactant. 36 We can anticipate that a fuller understanding of the alveolar surface will incorporate a much more dynamic model of surfactant activity; the concept of a trough of water that has no timedependent properties is no longer sustainable. Walters, in reviewing the role of surfactant in transepithelial movement of liquid, warns: "the movements of water molecules, ions and other solutes in such a thin complex environment are unlikely to obey the laws governing their mobility in more conventional spaces and terms such as`dry' and`wet' applied to this microlayer would require philosophical de®nition". 37 If we can lay to rest the glaring widespread misconception that a layer of liquid, in the sense in which that word is commonly used, can exist on the whole of the normal alveolar surface, we shall be in a better position to make progress. The phenomenal success of the clinical use of surfactant replacement therapy is now well ahead of our understanding of how it works. 38 Furthermore, as intensivists increasingly interest themselves in ®lling the lung with liquid in order to ventilate it less traumatically, it will be helpful to be clear about when it is wet and when it is dry.
